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Nicotinic acetylcholine receptors (nAChRs) represent a heterogeneous group of excitatory neurotransmitter receptors in the insect brain. We have 
characterized the Da2 gene of Drosophila melanoguster, a new member of the nAChR gene family. The protein coding region is interrupted by 
six introns. The positions of three of these introns are shared with all other nAChR genes. The deduced Da2 protein shows the structural features 
of ligand-binding nAChR a-subunits. Cytogenetically, the Da2 gene maps at position 96A of the 3rd chromosome, close to the ALS gene which 
also encodes an a-like nAChR subunit. Da2 transcripts are predominantly expressed in late embryos and in fly heads. 
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1. INTRODUCTION 
Nicotinic acetylcholine receptors (nAChRs) are 
heterooligomeric membrane proteins. Their intrinsic 
ion channel is merely gated by the binding of 
acetylcholine to ligand-binding o-subunits. In 
vertebrates, various subtypes of nicotinic receptors are 
found both at the neuromuscular junction [l] and in the 
peripheral and central nervous system [2]. The protein 
subunits of nAChRs are encoded by a large family of 
related genes [l-12]. 
In insects, acetylcholine serves a vital function in the 
nervous system whereas synaptic transmission at nerve 
muscle synapses is most likely not cholinergic [13]. 
Evidence has accumulated for the existence of a 
heterogeneous population of nAChRs also in this group 
of organisms: two different classes of high-affinity 
binding sites for the snake venom component (Y- 
bungarotoxin, a potent antagonist of vertebrate muscle 
receptors, were detected in the Drosophila nervous 
system [14]. As in vertebrates, where the majority of 
neuronal AChRs is not blocked by ar-bungarotoxin 
[2,15], additional receptors insensitive to the toxin were 
described [ 161. Furthermore, monoclonal antibodies 
directed against the Torpedo electroplax nAChR 
recognize at least 4 distinct subsets of antigens in 
Drosophila neural tissue [ 171. 
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Genes and cDNAs of two different nAChR subunits 
of the Drosophila nervous system have been 
characterized to date. The a-like subunit (ALS) shares 
structural features with ligand-binding subunits of 
vertebrate nAChRs [18] whereas the ARD protein 
resembles structural non+ subunits [19-211. A more 
detailed study of the nicotinic cholinergic receptor 
system of the fly requires the identification of its further 
constituents. Here, we report the characterization of a 
gene encoding a novel cr-like subunit, which was named 
Da2 protein (for Drosophila o-like subunit 2). 
2. MATERIALS AND METHODS 
2. I. Isolation and characterization of genomic clones 
A ‘*P-labeled fragment spanning nucleotides 1178-2244 of the ALS 
cDNA [18] was used to screen a Drosophila genomic library [22] 
under reduced stringency. Plaque hybridization was performed at 
37°C in 42% formamide, 5 x SET (1 x SET: 150 mM NaCl; 1 mM 
EDTA; 30 mM Tris-Cl, pH 8), 5 x Denhardt’s solution, 0.1% SDS, 
lOO~g/mldenaturedherringsperm DNAand2 x 106cpm/mlofprobe. 
Subsequent washes were carried out in 2 x SET, 0.1% SDS at 55°C. 
Appropriate restriction fragments of recombinant phage DNA were 
subcloned into pBluescript vectors (Stratagene) and sequenced using 
a T7 polymerase sequencing kit (Pharmacia). 
2.2. Northern analysis 
Northern blots were performed as described previously [23]. Da2 
transcripts were detected with a 45-mer synthetic oligonucleotide 
(5 ’ -TCATTTGCATCTCGTCCATCAGCGCCTGTCCGAACTTG- 
GTCTTGC-3 ‘) complementary toamino acid residues 357-372 of the 
Do2 protein (compare Fig. 3). The oligonucleotide (20 ng) was 
radiolabeled to a specific activity of z: IO9 cpm/pg with terminal 
deoxynucleotidyl transferase (Boehringer) in the presence of 80 pCi 
o[“P]dATP (Amersham; 3000 Ci/mmol) [24]. Northern blots were 
hybridized for 16 h at 42°C in 20% formamide, 6x SET, 
10 x Denhardt’s olution, 0.1% sodium pyrophosphate, 1% SDS, 100 
kg/ml denatured herring sperm DNA and = lo6 cpm/ml radiolabeled 
probe. Final washes were in 1 x SET, 0.1 olo SDS at 55“C. 
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Fig. 1. Structure of the Dori! gene. (A) Restriction map of the genomic clone MZ-2 and physical map of DOL;, gene and mRNA. Restriction enzymes 
are A, ApaI; B, BamHI; E, EcoRI (inbound during cloning procedure); H, HindlII; S, SstI. Introns (11-K) are indicated as solid lines, exons 
are boxed (open, untranstated regions; hatched, protein coding regions; filled, hydrophobic regions, i. e. signal peptide [SP] and potential 
transmembrane r gions [Ml-M4]). (B) Exon/intron junctions. Numbers indicate the respective amino acid position within the mature Do2 protein 
(compare Fig. 3). (C) Comparison of intron positions between Do2 and other nAChR subunit genes. Arrows indicate intron positions on a 
representative nAChR protein. The presence of an intron within a gene/group of genes is marked by a circle (open, intron is unique to a gene/group 
of genes; filled, intron is found in at least two genes/groups of genes). S-S, position of a conserved isulfide bridge [l]. Bibliography: ALS gene 
[18], ARD gene [20,21], vertebrate neuronal genes [6,12], vertebrate muscle genes [6,29,30,32]. 
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2.3, In situ hybridization to polytene chromosomes 
Preparation and in situ hybridization of salivary gland 
chromosomes were performed according to [25]. Digoxigenin-labeled 
probes were prepared using a nonradioactive DNA labeling kit 
(Boehringer Mannheim) and detected with peroxidase-coupled second 
antibodies. 
3. RESULTS AND DISCUSSION 
3.1. The Do12 gene 
Sequence homology between the various nAChR 
subunits is not distributed evenly along the polypeptide 
chain. Most notably, the amino-terminal half including 
the membrane spanning regions Ml-M3 share 150010 
identity among neuronal receptor proteins of 
vertebrates and invertebrates [26]. We therefore have 
used a fragment of the ALS cDNA [18] spanning this 
conserved region to screen a Drosophila genomic DNA 
library for homologous recombinants. 
The entire protein coding region of a novel nAChR 
gene, the Do12 gene, is contained within a 5.5 kb 
EcoRI/BamHI fragment of the genomic clone M2-2 
(Fig. 1A). Within the protein coding region, the 
nucleotide sequence differs in 4 positions from that of 
the Dc~2 cDNA [27]. Only one of these 
microheterogeneities leads to variation of the encoded 
protein (Ile or Leu at position 50). 
By comparison with the corresponding cDNA the ex- 
on/intron organization of the Do2 gene was establish- 
ed. The coding region is interrupted by six introns, 11 to 
16, all of which are flanked by consensus plice donor 
and acceptor sites (Fig. 1B) [28]. The positions of in- 
trons 11, 12 and 16 are conserved in all nAChR genes 
analyzed so far. An intron homologous to 13 is found 
only in the ALS gene and another Drosophila nAChR 
gene currently under investigation (unpublished data). 
Introns 14 and 15 are unique to the Da2 gene (Fig. 1C). 
By in situ hybridization to polytene chromosomes the 
Da2 gene was cytogenetically mapped to region 96A of 
the right arm of the third chromosome (Fig. 2). The 
ALS gene also maps to this chromosomal region [IH] 
suggesting that the genes arose from gene duplication. 
Clustering of nAChR genes has also been described for 
the vertebrate muscle y- and b-subunit genes [29,30] and 
for the rodent neuronal a3-, o5- and PCsubunit genes 
]121. 
3.2. Structure of the Dcx2 protein 
The polypeptide deduced from the nucleotide se- 
quence of the DCY~ gene consists of 576 amino acid 
residues. It shares significant sequence homology and 
several structural features with other nAChR subunits, 
i. e. two disulfide bridge forming cysteines (Cys-128, 
Cys-142) and 4 potential membrane spanning regions 
Ml-M4 (Fig. 3). A comparison with homologous pro- 
teins indicates the first 41 residues as a potential signal 
peptide (not shown). Two consecutive cysteines 
(Cys-202, Cys-203) classify the DCY~ protein as a 
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Fig. 2. Cytogenetic localization of the Do.2 gene. The arrow indicates 
the site of hybridization at chromosomal region 96A. 
putative ligand-binding nAChR subunit [ 1,2]. Three 
potential N-glycosylation sites were found within the 
deduced protein sequence. One (Asn-24) is common to 
all neuronal nAChR subunits analyzed so far but not 
present in muscle receptors [l-12]. A second one 
(Asn-213) is located between the two consecutive cys- 
teines and the Ml transmembrane region and a third 
one (Asn-529) close to the C-terminus. 
The mature Da2 protein shares 56qo identical amino 
acid residues with the ALS and 40% with the ARD pro- 
tein (Fig. 3). Within the highly conserved amino- 
terminal half comprising approximately amino acids 
l-330 [26] the sequence identity with ALS and ARD 
protein increases to 75% and 52‘70, respectively. 
Homology values of this region between Da2 and 
subunits of vertebrate neuronal nAChRs range from 
=52% (for PZsubunits [5,6]) to =59% (for (~2- 
subunits [6,8]). The homology between Da2 and muscle 
receptor proteins is significantly lower. 
In summary, the sequence data as well as the struc- 
ture of the genes (see section 3.1.) suggest that the 
heterogeneity of a-subunits of neuronal nAChRs has 
evolved independently in vertebrates and Drosophila. 
3.3. Developmental expression of the Da2 gene 
The expression profile of the Do12 gene during dif- 
ferent stages of Drosophila development was analyzed 
on Northern blots. To avoid cross-hybridization with 
other members of the nAChR gene family we employed 
an oligonucleotide derived from the highly variable 
region between membrane spanning regions M3 and M4 
as a DaZspecific probe. The mature Da2 transcript has 
a size of 22.5 kb which comigrates with a synthetic 
RNA derived from the Da2 cDNA (Fig. 4). Transcript 
levels were found to be highest in late embryos and in 
heads of newly eclosed flies, significantly lower in mid- 
stage embryos and pupae and lowest in second instar 
larvae. No Dar2 RNA was detected in 0-4-h-old em- 
bryos (Fig. 4). 
The time course of the developmental expression of 
the Dor2 gene shows a remarkable coincidence with that 
of the ARD gene [19,21,31]; it differs, however, 
significantly from the expression profile of the ALS 
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Fig. 3. Sequence alignment of the deduced mature Da2 protein with 
the ALS [18] and ARD protein [19]. Identical amino acid residues are 
boxed. A predicted conserved disulfide bridge and 4 putative 
transmembrane regions (Ml-M4) are indicated above the sequences. 
Potential iV-glycosylation sites are marked with a black arrowhead. 
The nucleotide sequence complementary to the Da2 mRNA will ap- 
pear in the EMBL Nucleotide Sequence Database under the accession 
no. X52214. 
ABCDEFG 
2.46 - 
Fig. 4. Detection of Da2 transcripts at different developmental stages 
by Northern analysis. A 2,461 nucleotides long cRNA (5 ng) syn- 
thesized with T3 RNA polymerase from a pBluescript vector contain- 
ing the Da2 cDNA (lane A) and poly(A)+ RNA (5 fig) isolated from 
O-4 h embryos(B), 2-12 h embryos (C), 10-22 h embryos (D), second 
instar larvae (E), 3-5-day-old pupae (F), heads of 2-day-old flies (G) 
were hybridized to a Dcr2-specific probe. The arrowhead indicates the 
start site of electrophoresis. 
gene which appears up-regulated in larvae [ 181. In spite 
of their different expression profiles, immunoprecipita- 
tion experiments have shown that ALS and ARD pro- 
tein are components of the same receptor complex [P. 
SchloR, H. Betz, C. Schr(ider and E.D. Gundelfinger, 
unpublished data]. Elucidation of the role of the Da2 
subunit - whether it is also associated with the ARD 
protein or a component of yet another nAChR - will re- 
quire further investigation, such as comparative in situ 
hybridization and immunological studies. 
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